Background: The growing interest in measuring blood free testosterone (FT) is constrained by the unsuitability of the laborious reference methods for wider adoption in routine diagnostic laboratories. Various alternative derived testosterone measures have been proposed to estimate FT from either additional assay steps or calculations using total testosterone (TT) and sex hormone-binding globulin (SHBG) measured in the same sample. However, none have been critically validated in large numbers of blood samples. Methods: We analyzed a large dataset comprising over 4000 consecutive blood samples in which FT as well as TT and SHBG were measured. Dividing the dataset into samples with blood TT above and below 5 nM, using a bootstrap regression modeling approach guided by Akaike Information Criterion for model selection to balance parsimony against reduction of residual error, empirical equations were developed for FT in terms of TT and SHBG. Results: Comparison between the empirical FT equations with the laboratory FT measurements as well as three widely used calculated FT methods showed the empirical FT formulae had superior fidelity with laboratory measurements while previous FT formulae overestimated and deviated systematically from the laboratory FT values. Conclusion: We conclude that these simple, assumption-free empirical FT equations can estimate accurately blood FT from TT and SHBG measured in the same samples with the present assay methods and have suitable properties for wider application to evaluate the clinical utility of blood FT measurements.
Introduction
Measuring blood testosterone concentration has central importance in the clinical evaluation of male reproductive function (1) . Although immunoassay of blood total testosterone (TT) has long been the standard measurement, theoretical arguments have been advanced for measuring also non-protein-bound or so-called free testosterone (FT) (2, 3) . As a non-polar steroid, testosterone is present in blood at higher concentrations than its solubility in extracellular fluid because it is largely protein-bound. The majority of blood TT is bound to sex hormone-binding globulin (SHBG), a hepatic homodimeric glycoprotein with limited, high-affinity testosteronebinding sites (4 -6) . The remainder of blood testosterone is mostly bound to albumin and other low-affinity binding proteins with only 1-2% remaining unbound to any circulating protein (7) . Based on these physiological facts, the free hormone hypothesis (8 -10) postulates that this small free fraction is the most biologically active fraction of circulating testosterone for its greater accessibility to tissues. As a result, measurement of this FT has been of increasing interest (Fig. 1) . Nevertheless, the free fraction may also be more accessible to sites of metabolism and the net effect of whether the free fraction connotes a more or less biologically active fraction, and whether this balance is the same in all tissues, cannot be resolved on a theoretical basis but requires empirical evaluation. In turn this requires robust and efficient methods for measurement of FT which may be included in clinical studies.
The original reference methods to measure FT, equilibrium dialysis (11, 12) and centrifugal ultrafiltration (13, 14) , are manual methods which are, however, too cumbersome and laborious to become routinely used in large, high-throughput commercial pathology laboratories which rely increasingly on automated multiplex assay platforms. In pursuit of simpler methods to measure FT, the limitations of the reference methods have led to development of alternative derived testosterone measures created either by additional assay steps or by calculations based on TT and SHBG. The additional assay approach include the Free Testosterone Analog Assay (15) and the so-called bioavailable testosterone (which measures loosely albumin-bound testosterone as well as FT), whereas the calculations have been based on theoretical equilibrium binding equations based on the Law of Mass Action, which can be solved for FT from a second-degree equation in TT and SHBG (2, 16) or a simple ratio of TT/SHBG (17) . The practical implementation of these equilibrium binding equations, however, requires several assumptions including how many binding proteins to include in the equation, whether to measure or use nominal concentrations of non-SHBG-binding proteins, whether the SHBG-binding affinity is fixed and the same for all samples and which fixed affinity constants for SHBG and other binding proteins to use in the equations. None of these derived calculated measures have been well validated against a reference method in large samples and some are manifestly invalid estimates of FT (17) (18) (19) . The present study was based on a large dataset of nearly 4000 blood samples from a routine diagnostic endocrinology laboratory employing the centrifugal ultrafiltration FT assay. We have developed an Akaike Information Criterion (AIC)-guided bootstrap regression modeling approach to derive simple empirical equations to estimate FT from measurements of TT and SHBG in the same sample. This approach is free of assumptions about theoretical binding equilibria and we identify systematic deviations inherent in other widely used calculated FT approaches.
Materials and methods

Samples
Data including age and sex from all blood samples submitted between 1999 and 2003 to the Central Sydney Area Health Service Endocrinology Diagnostic Laboratory requesting testosterone measurements were routinely assayed for FT by centrifugal ultrafiltration as well as for TT and SHBG. All laboratory data for this study were provided in de-identified form after discharge of all diagnostic reporting responsibilities so that no ethics approval was required.
Assays
Hormone assays were performed in a single teaching hospital-based routine diagnostic endocrinology laboratory as described previously (20) (21) (22) using established commercial immunoassays routinely monitored by participation in external quality-control programs. Plasma TT and SHBG were measured by commercial immunoassays (Immulyte, Los Angeles, CA, USA). During the period of this study, coefficients of variation for TT assay (n ¼ 34 -44 assays) were 8.2% at high (mean, 28.5 nM), 12.4% at mid-range (13.6 nM) and 30.2% at low (2.9 nM) concentrations and for SHBG assay (n ¼ 104 assays) were 5.6% at high (71.4 nM) and 5.6% at low (5.1 nM) concentrations.
FT was measured by an in-house adaptation of the centrifugal ultrafiltration assay (13) . Samples and controls (600 ml) were well mixed with 50 ml tritiated testosterone tracer in glass tubes and incubated for 1.5 h in a 37 8C waterbath. Specimens (500 ml) were then added to Centrifree columns (Millipore) and centrifuged at 2000 r.p.m. for 20 min (30 8C) following which 50 ml specimens of filtrate and totals were counted in a liquid scintillation counter. The proportion of unbound testosterone was then calculated and the actual FT calculated from the TT in the same sample. Coefficients of variation for the proportion of unbound testosterone were 9.4% at low (mean, 1.2% unbound) and 12.8% at high (2.2% unbound) quality-control samples.
Data analysis
FT was calculated by published methods described by Sodergard et al. (16) and Vermeulen et al. (2) based on equilibrium binding equations using TT and SHBG results from the same blood sample. Free androgen index (FAI) was calculated as described in (17) .
Regression of laboratory or calculated FT on other variables was performed using SPSS version 12 software. Bootstrap resampling (23) was performed with S Plus software. Agreement between estimates and identification of systematic discrepancies between estimates of FT was analysed by deviance plots, modified from the Bland -Altman approach (24) , with calculation of mean bias and limits of agreement. The deviance plot places the difference between the test and standard method on the y axis whereas the x axis is the laboratory measurement, rather than the mean of test and standard as in the original Bland -Altman approach. This enhances interpretation of deviations according to the true result as the laboratory measurement is the recognized gold standard. This adaptation is valid as the correlation between methods is very high Figure 1 Plot of the number of scientific papers using the term free testosterone cited in a search of the Medline database by year.
(. 0.95), thereby avoiding problems of interpretation due to spurious correlation where correlations are lower (25) . For evaluation of FAI, a dimensionless ratio, a quantile/quantile plot using standardized normal deviates (Z scores) was used.
Goodness of fit for competing regression models was evaluated by AIC value (26), a maximum-likelihood approach to global model entropy reduction in balancing the number of parameters against the reduction in residual error. This was defined as
where 
Results
Data from a total of 4054 consecutive blood samples (3530 males, 87%) processed during 1999 -2003 were obtained for analysis. After excluding 79 specimens (69 with age , 18 years, five with age . 100 years, five missing one or more hormone results), 3975 specimens (3475 males, 87%) with complete data for all three hormones (FT, TT, SHBG) as well as age and sex were analyzed (Table 1) .
General modeling strategy
After preliminary analysis indicating the need for two formulae to span the full range covered by these specimens, data were divided into samples with TT above or below 5 nM for all further analyses (Table 1) . Prediction equations for FT from TT and SHBG considered as main effects as well as including an interaction and quadratic terms for main effects were estimated according to the following general formula:
The following hierarchy of models was considered:
Full data regression models
Using the full dataset (n ¼ 3975), in the low-TT range model 1 was the best (AIC, 5147) followed by model 2 (6804), model 3 (8308) and model 4 (13 532). In the high-TT range, the sequence was reversed with model 4 the best (AIC, 122 247), followed by model 3 (129 146), model 2 (136 045) and model 1 (142 945). As it was not possible to evaluate the quality of fit of these equations within the same dataset, a modified split-sampling strategy was adopted for subsequent model development and evaluation against laboratory FT and other calculated FT formulae.
Bootstrap resampling regression models
A limitation of using the full dataset for a regression model is that there is no independent mechanism to test the adequacy of its fit in different datasets. For this reason, rather than using a standard split-sampling 
The empirical FT (EFT) formulae for further evaluation against other methods had the following coefficients (with TT and SHBG in nM) as specified below: Table 2 (for low TT) and Table 3 (for high TT). For the empirical FT formulae, the deviance plots (Fig. 2) show good agreement with the laboratory FT measurements across the full range of specimens. The Sodergard-and Vermeulen-calculated FT formulae show over-estimation and wider limits of agreement compared with the laboratory FT values.
Comparison of empirical FT formula and laboratory FT measurements with FAI
In order to compare FAI, a dimensionless ratio, to laboratory FT measurements (in concentration units), both were transformed into standardized normal deviates (Z scores) and the discrepancy between Z scores (Z FAI -Z LabFT ) displayed in a deviance plot (Fig. 3) . These plots showed severe influence of SHBG on FAI, especially when SHBG was low, as well as poor agreement with laboratory FT through much of the range.
Discussion
There has been a growing interest in measuring blood FT concentrations (2, 3). The steady increase in interest over two decades accelerated during the 1990s, coinciding with the 20-fold increase in US testosterone sales (27) . Regardless of the unproven empirical clinical utility of FT measurements, the laborious manual reference methods of equilibrium dialysis and centrifugal ultrafiltration have proved unsuitable for large highthroughput pathology laboratories, so their wider evaluation is thereby constrained. In clinical practice, laboratories operating automated multi-channel immunoassay platforms provide most testosterone assays -a setting unsuited to the slow, cumbersome and radiation-dependent manual reference FT assays. Low-TT data (n ¼ 846) Higher-TT data (n ¼ 3129) Consequently, simplified approaches to estimate FT have been developed. These derived testosterone measures can be divided into those requiring additional assay steps and those based on calculations using TT and SHBG concentrations from the sample. None have been thoroughly validated and some, like the FT analog assay (18, 19, 28) and the FAI (17) , are clearly invalid, at least when applied to male samples. Thorough validation of derived testosterone measures involves both internal and external validity. Internal validity requires a comparison with the standard reference methods whereas external validity requires critical evaluation of whether derived testosterone measures improve upon TT in clinical application for identification of rectifiable androgen deficiency in well-designed studies. The latter, however, depends on development of more facile approaches to measurement of blood FT concentrations. The present study developed and undertook internal validation of a simple empirical, model-free method to calculate FT, requiring only TT and SHBG concentrations in the same sample. Our simplified approach recognizes the non-linearity of the relationship between FT with TT and SHBG as predicted by well-known theoretical equilibrium binding equations (2, 16) while also freeing it from specific assumptions and simplifications inherent in the equilibrium binding equations model. Preliminary modeling showed that no single equation could cover the full range of TT and SHBG concentrations if samples included not just men but also women and children, as well as severely hypogonadal men. However, dividing the samples with an arbitrary threshold of 5 nM allows for development of a pair of excellent, versatile prediction equations. This threshold corresponds to mostly male samples above the threshold as well as females, children or hypogonadal male samples below but was more practical than using sex or age as classification criteria. The inability of a single empirical equation to cover all TT and SHBG concentrations raises questions also about the validity of the theoretical equilibrium binding equation model used in other calculational approaches (2, 16) , especially when applied to extreme blood TT and SHBG concentrations. Such invalidity is most likely to stem from the many assumptions required to practically implement equilibrium binding equations rather than any challenge to the Law of Mass Action. The dichotomy between high and low TT levels is reminiscent of the FAI which is invalid for both theoretical reasons as well as empirical evidence when applied to male samples whereas it is valid and useful in women or children who have much lower blood TT (17) . Another major contributing factor to the requirement for a distinct model for samples with lower TT concentrations is the recently established invalidity of automated platform testosterone assays for samples in that low range (29, 30) , a failing that has been likened to random-number generation (31) .
In evaluating our empirical approach, we also reviewed the validity of the three most frequently used calculational estimates of FT against the centrifugal ultrafiltration reference method. While the empirical equation has satisfactory agreement relative to the laboratory FT measurements, the three other widely used calculated FT estimates deviate systematically from the laboratory FT values. The two calculated FT methods based on theoretical binding equations that result in second-degree equations in TT and SHBG www.eje-online.org both overestimated FT levels throughout the range. The discrepancy between these findings and the previous calculational FT methods may be because the present approach avoids assumptions inherent in them of a nominal, fixed affinity constant for testosterone binding to SHBG, an assumed albumin concentration and affinity and neglecting other blood testosterone-binding proteins. A recent study noted flaws in the suitability of the two calculated FT equations attributable to the notional SHBG-binding affinity and other assumptions (32) . It is also notable that the original validation studies for these calculated FT methods were based on very few samples, namely 11 (16) and 28 (2) . Another comparative study involved 50 samples (3). On the other hand an important caveat on the present empirical approach is its reliance on the specific TT and SHBG assays used in this study. It cannot be assumed that the specific equations would be portable to other assay combinations, or even the same assays if they were significantly modified.
The third calculated measure, the so-called free androgen (or testosterone) index (FAI), is the ratio of TT/SHBG usually expressed as a percentage. The FAI correlated poorly with laboratory FT measurements and demonstrated extreme influence of low SHBG concentrations. This is not surprising as this ratio over-simplifies and ignores the non-linearity of FT in terms of TT and SHBG as predicted by theoretical binding equations, whereby FT may be approximated by this ratio if, and only if, the TT concentration is negligible in relation to the concentrations of SHBG-binding sites (17) . While this is a reasonable approximation for samples from women and children where blood testosterone concentrations are rarely above 10% of SHBG concentration, this is not true in samples from most men in whom the higher blood TT concentrations are comparable with the SHBG concentrations and cannot be neglected. Thus our more extensive evaluation confirms the previous data that FAI does not correspond to actual FT measurements (17) .
The free hormone hypothesis (8 -10, 33 -35) remains unproven (36) and requires further external validation. In asserting that the non-protein-bound free fraction is the most biologically active moiety of a circulating steroid hormone with the protein-bound moiety a reserve, biologically inactive buffer, this concept lacks theoretical validity or empirical proof. In theoretical terms, if non-protein-bound (or lightly bound) circulating steroids are more readily transported to tissues, this applies equally to target tissues (enhancing bioactivity) as well as to hepatic sites of steroid degradation (terminating bioactivity). The net balance between these two countervailing effects is inherently unpredictable depending on many dynamic factors including relative tissue mass and blood flow of target and metabolizing tissues. Hence, whether free hormone measurements represent a more active or less (more rapidly inactivated) biologically active moiety of a circulating steroid cannot be assumed a priori. The demonstrations that SHBG-bound testosterone is biologically active, via binding to cell-surface SHBG receptor (37) , and that rodents have no circulating SHBG (38) , further question the free hormone hypothesis which predicts that testosterone tightly bound to SHBG would form a biologically inactive buffer reservoir. Yet, despite deficient theoretical rationale, derived testosterone measures might still be useful empirically if they provided improved prediction over standard blood TT measurements to identify rectifiable androgen deficiency. The conspicuous lack of such empirical validation may be at least partly due to the limited availability of valid calculated FT methods. The present findings are not directly informative regarding other derived testosterone measures that involve an additional assay step (e.g. free analog assay or bioavailable testosterone). While both assays may be technically reproducible (2, 3, 39) , the free analog assay clearly does not measure free testosterone (18, 19, 40) while the bioavailable (corresponding to free plus loosely albumin-bound fractions) is not intended to correspond to free testosterone measurements. For both assays, empirical validation relies on convincing evidence of providing superior or additional biological information to TT measurements as judged by independent biological effects. This remains contentious and almost entirely unproven.
We conclude that a simple, empirical calculation can provide a robust, reliable and valid estimate of blood FT from TT and SHBG in the same sample. This calculated FT method has improved fidelity with empirical laboratory measurements of FT by a reference method and obviates the need for additional laborious manual assays. This study also highlights the limited validation and systematic deviations from reference methods of the three most widely used calculated FT methods. Further studies using the new formulae developed in this study may be helpful in determining whether FT measurements provide any additional clinical value over the well-established clinical gold standard of blood TT measurements to confirm the clinical diagnosis of treatable androgen deficiency.
